Actual evapotranspiration/evaporation is essential in proper determination of potential recharge of semiarid regions. Eight potential evapotranspiration methods with dual crop coefficient methodology were used to estimate actual evaporation (E a ) values from bare soil. Method comparison with measured E a values using lysimeter data for the hydrological years 2011/12 and 2012/13 identified better performance for the FAO-56-Penman-Monteith (NRMSE < 9%), Hargreaves-Samani (NRMSE < 13%), Priestley-Taylor (NRMSE < 15%) and Makkink (NRMSE < 14%) methods. Data of 2011/12, best E a estimates and a water balance approach were used to calibrate six potential recharge models with linear, quadratic, exponential, cubic and power functions. Calibrated models were validated in simultaneous estimation of potential recharge and soil moisture using independent data for 2012/13. While models with linear/quadratic functions produced the weakest potential recharge estimates (ΔQ > 10%), the remaining models were acceptable. Soil moisture was acceptably simulated utilizing six models and four best evaporation methods (NRMSE < 20%). However, combination of the FAO-56-Penman-Monteith model with an exponential function produced the best E a values, soil moisture and potential recharge.
Introduction
Potential recharge (the soil water flux below the root zone) is vital for replenishment of groundwater. In semi-arid areas, assessment of potential recharge is one of the key challenges in sustainable water resources management, but it is rarely measured. In such regions, precipitation is typically highly variable in space and time; therefore, the quantification of potential recharge is difficult. Critical reviews corresponding to assessing the potential recharge are given by Lerner et al. (1990) and Scanlon and Cook (2002) for different climatic conditions. However, it is still a challenging issue, especially in semi-arid regions, to find cost-effective and simple rapid assessment methods for estimating potential recharge.
Different methods for estimation of groundwater recharge have been developed, including direct measurement and indirect methods, such as the solution of Richards equation, water balance methods and empirical methods. The many problems that are encountered with each method are described by Gee and Hillel (1988) , Lerner et al. (1990) , Allison et al. (1994) , Stephens and Coons (1994) and Simmers (1997) , among others. Direct measurement of potential recharge is made in lysimeters installed at depth to limit the influence of surface processes including interception and surface runoff. The main disadvantages are that establishing and maintaining the lysimeters is expensive, and also only point measurements are taken using lysimeters, limiting the applicability of lysimeters to spatially homogenous soils.
Many researchers have attempted to estimate potential recharge by solving the sophisticated model of the Richards equation for vertical flow in the unsaturated zone (e.g. Keese et al. 2005 , deRooij 2010 , Selle et al. 2011 , Ireson and Butler 2013 , Sorensen 2014 , among many others). A major drawback of the Richards equation is that it requires a considerable number of hydraulic and vegetation parameters that need to be measured through a combination of costly and time-consuming laboratory and field methods.
Among different indirect methods, the water balance approach is widely used for assessing recharge, e.g. Ragab et al. (1997) , Finch (1998) , Bekesi and McConchie (1999) , Kendy et al. (2003) , de Silva and Rushton (2007) , Eilers et al. (2007) , Cantón et al. (2010) , Westenbroek et al. (2010) , Pavelic et al. (2012) , Fischer (2013) , Touhami et al. (2013) , among many others. The main limitation of the water balance approach is the accuracy of the potential recharge, since its determination depends on the accuracy of other components.
Another alternative approach for determination of the potential recharge is to utilize empirical lumped models, which seek to correlate the potential recharge with other readily measurable hydrological data, e.g. rainfall, surface flow and soil moisture, through the use of mathematical formulation. Some recent researches on empirical models are: Chapman and Malone (2002) , Kumar and Seethapathi (2002) , Crosbie et al. (2010) , Marei et al. (2010) , Empirik and di ZonTropika (2013) , Gontia and Patil (2012) and Ghanem and Asbah (2013) . The fundamental disadvantage of this type of model is that they are site specific and need to be calibrated for each study area. The advantage of this approach is that the models can be transposed in time and space and render themselves useful for potential recharge estimates.
Developed models based on the Richards equation and the water balance approach can provide results with high precision, but, for semi-arid regions, the errors in quantification of potential recharge using these approaches may be large because of high uncertainty in the actual evapotranspiration (ET) or evaporation (E) estimate or measurement. Furthermore, despite advances in microcomputers as a facilitative tool in applying sophisticated models (e.g. models for solving the Richards equation), there appears to be little evidence that these methods can give better results than the lumped models dividing the unsaturated zone into one or two stores. Hence, utilizing simple empirical models and also lumped models could still be practical for estimating potential recharge, specifically in a foothill region with limited available data.
Regardless of the type of approach used to estimate potential recharge, it relies heavily (directly or indirectly) on estimation of ET (or E). In other words, actual ET (or E) plays a vital role in determining potential recharge especially for semi-arid regions, since in such regions potential recharge is generally low in comparison with actual ET or E. Therefore, proper estimation of actual ET (or E) is a prerequisite in assessing potential recharge. Quantification of actual E is complex and challenging and hence numerous equations have been derived by different approaches, such as the water balance and energy balance methods (Monteith 1973, Rana and Katerji 2000) . An approach for estimating actual ET is to apply methods that use potential ET and soil waterholding capacity, which can also be used to estimate actual E in the absence of vegetation. Several methods have been proposed for estimating potential ET, e.g. the Penman (Penman 1948 (Penman , 1963 , Samani 1982, 1985) , Priestley-Taylor (Priestley and Taylor 1972) , Makkink (Makkink 1957 ), Penman-Kimberly (Wright 1982 (Wright , 1996 and FAO-56-Penman-Monteith (Allen et al. 1998) approaches. Physically-based methods (e.g. FAO-56-Penman-Monteith) require a lot of data that may not be available; however, in such circumstances, the empirical potential ET methods (e.g. Hargreaves-Samani) and the radiation-based approach (e.g. the Makkink and PriestleyTaylor methods), could be useful. Applying the FAO-56-Penman-Monteith method in conjunction with dual crop coefficient methodology was proposed for estimation of actual ET and E by Allen et al. (1998) . However, a review of the literature indicates that evaluation of potential ET methods with dual crop coefficient methodology for estimating actual evaporation from bare soil has received limited coverage. This issue is further highlighted if the results are to be used in conjunction with potential recharge estimation in a semi-arid foothill region with limited data.
The main objective of the present research is to evaluate the performance of empirical models for estimating potential recharge in a semi-arid foothill region. For this purpose, initially, the applicability of eight potential ET methods utilizing the dual crop coefficient methodology is evaluated for simulation of actual evaporation from bare soil. Then, six conventional empirical models for estimating potential recharge are calibrated using lysimeter data, i.e., measured soil moisture and measured potential recharge. For validation of the calibrated models, soil moisture and potential recharge are simultaneously simulated for an independent year. Finally, the best combination of models for evapotranspiration and potential recharge estimations is proposed for the study region.
Materials and methods

Description of potential evapotranspiration methods
In the present research, eight evapotranspiration methods, which use grass as a reference crop, have been applied to compute daily potential evapotranspiration (ET P ). Accordingly, the daily actual evaporation (E a ) from bare soil was estimated using computed ET P and FAO dual crop coefficient methodology, using the following methods FAO-56-Penman-Monteith (Allen et al. 1998) , Hargreaves-Samani (Hargreaves and Samani 1985) , FAO-24 Radiation (Doorenbos and Pruitt 1977) , Penman (Penman 1963) , FAO-24-Penman-Corrected (Doorenbos and Pruitt 1977) , Priestley-Taylor (Priestley and Taylor 1972) , Makkink (Makkink 1957) , and Penman-Kimberly (Wright 1996) , as described in the remainder of this section.
FAO-56-Penman-Monteith
The FAO-56 Penman-Monteith equation is expressed as (Allen et al. 1998) :
P ¼ 101:325 293 À 0:0065El 293
where ET P is the reference evapotranspiration (mm d -1 ); Δ, the slope vapour pressure curve (kPa°C ); γ, the psychometric constant (kPa°C -1 ); T a , the daily mean air temperature at 2 m height (°C); U 2 , the wind speed at 2 m height (m s -1 ); e s , the saturation vapour pressure (kPa); e a , the actual vapour pressure (kPa); (e s − e a ), the saturation vapour pressure deficit (kPa); P, the atmospheric pressure (kPa); and El, the elevation above sea level (m). Additional information can be found in Allen et al. (1998) . Hargreaves and Samani (1982, 1985) proposed several improvements to the Hargreaves (1975) 
Hargreaves-Samani
where ET P is reference evapotranspiration (mm d -1 ); T max , the daily maximum air temperature (°C); T min , the daily minimum air temperature (°C); and R a , the extraterrestrial radiation (MJ m -2 d -1 ).
FAO-24 Radiation
The FAO-24-Radiation method was first introduced by Doorenbos and Pruitt (1977) as a modification of the Makkink method (Makkink 1957) as follows (Doorenbos and Pruitt 1977, Jensen et al. 1990) :
where R s is the solar radiation (MJ m -2 d -1 ); L, the specific latent heat of vaporization (MJ kg ; and b is an adjustment factor varying with mean relative humidity and daytime wind speed, expressed as (Frevert et al. 1983) :
where RH mean is daily mean relative humidity (%) and U d is daytime wind speed (m s -1 ).
Penman
The Penman equation is expressed as (Penman 1963) : where ED a is an aerodynamic term (mm d -1 ).
FAO-24-Penman-Corrected
The FAO-24 introduced a correction factor to the Penman equation so this was renamed FAO-24-Penman-Corrected or FAO-Modified-Penman and is expressed as (Doorenbos and Pruitt 1977, Jensen et al. 1990) :
where U n and U d are, respectively, the nighttime and daytime wind speeds (m s -1 ), and RH max is the maximum of relative air humidity (%). Doorenbos and Pruitt (1977) recommended setting the ratio of U d /U n to 2.0 when unknown. Priestley and Taylor (1972) proposed a simplified version of the combination equation of Penman (1948) for ET P as:
Priestley-Taylor
where α is a constant coefficient of 1.26.
Makkink
The Makkink method was developed as a modification of the Penman equation which can be considered as a simplified Priestley-Taylor formula applying solar radiation (R s ) and temperature. The Makkink method is expressed as (Makkink 1957) :
Penman-Kimberly-1966
A variable wind function was proposed by Wright (1996) to be used in the original Penman-Kimberly equation (Wright 1982) for predicting ET P . This form of the Penman-Kimberly with the modified wind function is referred to as the PenmanKimberly-1966 (Wright 1996 :
where W f is the wind function and J is the calendar day.
Dual crop methodology
The daily actual evaporation (E a ) from bare soil was calculated by FAO dual crop coefficient methodology as:
where K cb is a coefficient related to diffusive evaporation from bare soil (K cb = 0 was proposed for bare soil by Allen et al. 1998) ; K e , the soil water evaporation coefficient; and ET P is calculated from potential evapotranspiration models.
The K e is calculated as follows (Allen et al. 1998) :
where K c-max is the maximum value of crop coefficient following rain or irrigation (1.2); f ew , the fraction of soil surface from which most evaporation occurs (1 for a bare soil); and K r is the dimensionless evaporation reduction coefficient dependent on the cumulative depth of water evaporated from the topsoil. Hillel (1998) describes three distinct stages for the evaporation process. Stage I occurs when there is no restriction in the ability of the soil to transmit water to the soil surface and the evaporation is at maximum rate. In Stage II, the quantity of water delivered to the evaporation zone is the limiting factor and the evaporation decreases with time. In Stage III, no evaporation occurs because the soil is dry. The stages can be identified in terms of the total evaporable water (TEW, mm) and the readily evaporable water (REW, mm) and applying the K r coefficient as:
where D e,i-1 is the cumulative evaporation from bare soil at the end of day i − 1 (mm); FC and PWP are the field capacity and permanent wilting point, respectively (cm 3 cm -3
); and Z e is the surface soil depth related to evaporation (mm). The values of REW for different soil textures are given by Allen et al. (1998) . The cumulative depth of evaporation from bare soil is calculated by the following (Allen et al. 1998) :
where P i and RO i are the precipitation and runoff of day i, respectively (mm).
Potential recharge empirical models
In the present research the applicability of six empirical models was evaluated for simulating the potential recharge. The models are based on the concept that potential recharge occurs if the current depth of the soil water (S) exceeds field capacity (FC). Furthermore, the models present a single column of soil water with calculations that are on a daily bases. Although the FC is a soil characteristic parameter, in the present research it has been considered as a fitted parameter in the six potential recharge models to evaluate the performance of the models for estimation of FC along with simulation of potential recharge. The fitted FC values have been compared with the measured value.
Simple threshold exceedence (STE)
This model was proposed based on a simple algorithm for simulation of groundwater potential recharge (R) by Dawdy and O'Donnell (1965) as:
where S and FC are volumetric values of soil moisture and field capacity (cm -3 cm -3
), respectively; Z is the soil depth (mm); and R is the simulated potential recharge (mm). The FC is the fitted parameter.
Fixed proportion exceedence (FPE)
The algorithm of this simple model with fitted parameters of C FPE (unitless) and FC is as follows (Chapman and Malone 2002) :
The parameter C FPE indicates the proportion of the water surplus (S − FC) that becomes potential recharge in one modelling time period.
Quadratic function of storage (QFS)
The algorithm was put forward in the SMAP (Soil Moisture Accounting Procedure) model as (Lopes et al. 1982) :
where SC (cm -3 cm -3 ) is the maximum measured value of S. The C QFS (unitless) and FC are the fitted parameters.
Exponential function of storage (EFS)
The model was developed from measurements on a weighing lysimeter in Wisconsin by Black et al. (1969) . The algorithm is
where b EFS , C EFS (unitless parameters) and FC are the parameters that must be fitted.
Cubic function of storage (CFS)
This model was reported by Huggins and Monke (1968) as:
where C CFS (unitless) and FC are two parameters to be fitted.
Power Function of Storage (PFS)
The model algorithm was proposed based on a weighing lysimeter by Aston and Dunin (1977) as follows:
where b PFS , C PFS (unitless parameters) and FC are the fitted parameters.
Simulation of soil moisture
As illustrated in the description of the six empirical models, estimation of potential recharge is based on a function of soil moisture storage (S). In the practical use of such models, the S value at a selected time step (daily in this study) is recalculated from the water balance approach, using the simulated potential recharge (R) as a variable to make possible validation of the calibrated parameters. For this purpose, the daily soil moisture and potential recharge are simultaneously estimated by
where P i , RO i and E a,i are precipitation, runoff and actual evaporation from bare soil corresponding to day i (mm); and Z is the total soil depth (mm). First, the soil water content on day i, S 0 i (cm 3 cm -3 ) was calculated with no occurrence of potential recharge assumption and using evaporation methods (equation (32)). Second, the value of potential recharge on day i, R i (mm) was estimated by applying six empirical models as a function of difference between soil water content on day i (calculated S 0 i ) and FC (equation (33)). Third, the final value of soil water content on day i, S i (cm 3 cm -3 ) was estimated by equation (34) with estimated potential recharge of R i .
Assessment criteria and objective function
Normalized root mean square srror (NRMSE) and index of agreement (AI) statistical tests (Willmott 1981) were used as assessment criteria for comparison of daily measured and simulated results of E a from bare soil and also soil moisture.
where x is the mean of the measured values. The NRMSE gives information on the short-term performances of the associated models by allowing a term-by-term comparison of the actual deviation between the simulated and measured values. The simulated values are acceptable when NRMSE < 30% (Jamieson et al. 1991) . A model is more efficient when AI is close to 1 (Willmott 1981) . In this research, by using an optimization algorithm (Newton-Raphson method), which matches simulated annual potential recharge to the similar measured values (drained from lysimeter), the parameters of six empirical models are generated by minimizing the value of ΔQ by:
where x i and y i are the ith measured and simulated values, respectively, and n is number of observations. For the assessment criterion, the annual simulated values of potential recharge during the validation period 2012/13 were compared to similar measured values by ΔQ.
Study area and data availability
This study was carried out for two consecutive hydrological years (October-September) the period from 2011 to 2013, at Figure 1 shows the data related to temperature and precipitation in the two studied hydrological years. Mean monthly temperature decreased in winter and increased in summer for both studied years. According to Fig. 1 , temporal variability in precipitation is quite noticeable during the two consecutive hydrological years. Annual precipitation values of the two studied hydrological years are 363 and 456.5 mm year -1 , which are respectively below and above the long-term mean annual precipitation of 386 mm year -1 . The station has a cylindrical volume drainage lysimeter (2 m in diameter and 2 m deep), installed during December 2010 in the foothill region with a 17% slope. The lysimeter has no vegetation and the soil inside the lysimeter is filled in increments of 0.15 m by light compaction. A coarse sand layer (0.15 m) is placed at the bottom of the lysimeter to facilitate drainage. The lysimeter has sandy loam soil down to 0.30 m depth and loam soil for the 0.30-2.0 m depth with an average soil bulk density of 1.65 g cm -3 and is classified as 'Kuy Asatid' series. An observation manhole was drilled next to the lysimeter to read the daily potential recharge from a depth of 2.0 m. The potential recharge (drainage from 2.0 m depth) is routed through a pipe to a tank located in the manhole. A runoff tank is attached to the lysimeter to collect the surface runoff. The discharge from the surface runoff tank is routed through a pipe to a runoff sump (0.30 m diameter) located next to the lysimeter.
An access tube was installed in the centre of the lysimeter and readings by neutron probe (NP) below the soil surface were taken in 0.30-m increments to the deepest reading at 1.5 m depth. Standard counts (readings) were taken on each day that readings were taken. Lysimeter NP data are not reported here because of the large volume of collected data. The NP (Model 503 Hydro probe, CPN Corporation, Pacheco, CA) was field calibrated for volumetric soil water content using measured samples of the volumetric soil water content. Water content values were integrated through the lysimeter depth to calculate a water storage value in mm for each reading time; and Figure 1 . Monthly precipitation and average monthly temperature for the two studied hydrological years. differences between water stored at the beginning and end of each time period were considered equal to change in the soil moisture (ΔS) for that time period. The ΔS data for the lysimeter were used with measured precipitation and potential recharge data to compute measured (field) actual evaporation from bare soil at that time period using the soil water balance approach.
The average value of FC for 2.0 m depth of the studied soil was measured as 0.225 (cm 3 cm -3
) in the field. The annual potential recharges (drainage from 2.0 m depth) for the two hydrological years were measured as: 74.5 mm [day of year (DOY) 35-143] and 27.3 mm (DOY 28-135), respectively. The standard meteorological daily values, i.e. precipitation, minimum and maximum air temperature, relative humidity, sunshine duration and wind velocity at 2 m height were obtained from the Meteorological Station at College of Agriculture, Shiraz University, near the study area. Daily solar radiation values for the study location were estimated using the calibrated Angstrom-Prescott equation for the study region and recorded daily sunshine duration as (Zand-Parsa et al. 2011):
where φ is latitude (rad); n s , daily sunshine duration (h); N, maximum daylight hours (h); and other parameters have the same meaning and units as described above. In this study, the parameters related to empirical models of potential recharge were calibrated using the measured data of the first hydrological year studied, 2011/12. Then the daily soil moisture content and potential recharge were simultaneously simulated and evaluated for the validation period (2012/13) by applying the best selected evaporation methods, six potential recharge models, and equations (32)-(34). The measured soil moisture at day 269 of 2012 (the first day of simulation) was considered as an initial condition in equation (32). Table 1 shows the results of comparison, through simple linear regression, between simulated and measured values of cumulative E a from bare soil, and also statistical test results for both studied hydrological years with potential recharge occurrence. The simulated E a values (by eight methods) and measured E a values (from the lysimeter), were respectively considered as dependent and independent variables. It is important to note that the E a values were simulated by the dual crop coefficient procedure using the eight methods for ET P calculation; therefore, differences between simulated and measured E a values originated from differences in calculation of the ET P . Although all of the ET P methods are radiation based, differences occur in ET P calculation. Some of the ET P methods used (FAO-56-Pennman-Monteith, FAO-24-Penman-Corrected, Penman and FAO-24 Radiation) are data intensive and require several parameters, while the Hargreaves-Samani method requires minimum data (air temperature). At the same time, other methods, such as Priestley-Taylor, Makkink and Penman-Kimberly-1966 , require fewer parameters when compared with the data intensive methods.
Results and discusion
Actual evaporation from bare soil
The presented values for A and B were strongly significant at the 95% confidence level in all cases (computed p values were much smaller than 0.05). Furthermore, FAO-56-Penman-Monteith method produced the best performance for both studied hydrological years, although it gave a slight overestimation (approximately 7%) for 2011/ 12 with NRMSE < 9%, and a slight underestimation (approximately 6%) for 2012/13 (NRMSE < 8%). It presents a determination coefficient (R 2 ) over 0.963 and AI near to 1 (> 0.978). Next to the FAO-56-Penman-Monteith method, the best performance was achieved by the HargreavesSamani method. It gave the second lowest NRMSE value (< 13%), AI near to 1 (> 0.975) and R 2 > 0.968. The FAO-24-Radiation method underestimated E a from bare soil for both studied hydrological years, with AI > 0.886. The NRMSE value for both hydrological years was acceptable (< 30%).
The Penman method performed very poorly. This method greatly underestimated cumulative E a values from bare soil during both hydrological years, with a. unacceptable value of NRMSE (> 30%).
The FAO-24-Penman-Corrected method overestimated the values of E a from bare soil in both hydrological years, with acceptable NRMSE values of 18.9% and 27.5% for 2011/ 12 and 2012/13, respectively. The AI value is above 0.910, which shows good performance of the method. The Priestley-Taylor method demonstrated very good performance, after FAO-56-Penman-Monteith and Hargreaves-Samani. The NRMSE values were less than 10% and 15% for 2011/12 and 2012/13, respectively. Also, the AI values were near 1 (0.975, 0.967) for both hydrological years, which shows the capability of the PriestleyTaylor method of simulating E a from bare soil.
The Makkink method gave good performance in simulating E a from bare soil, according to NRMSE (9.6%, 13.7%) and AI (0.977, 0.971) for the first and second hydrological years, respectively. The simulated results of E a from bare soil using the Makkink method were very close to those obtained by the Priestley-Taylor method, since both of them have been developed as a modification of the Penman equation.
The Penman-Kimberly-1996 method produced acceptable results based on NRMSE value (<30%) for simulating E a from bare soil in both hydrological years; however, the results obtained for 2011/12 (NRMSE = 9.7%; AI = 0.958) were more reasonable than similar results for 2012/13 (NRMSE = 29.2%; AI = 0.863).
Good coefficients of determination (R 2 ) were obtained in all cases, with values above 0.939. The FAO-24-Radiation and Penman methods were limited by their underestimation and not giving reasonable results. Also, the FAO-24-PenmanCorrected method was limited by its significant overestimation. Furthermore, the results of the Penman-Kimberly-1996 method, using the AI statistical test, obtained for the second hydrological year (AI = 0.863 with almost acceptable accuracy) were not in agreement with the first hydrological year (AI = 0.958 with high accuracy). Accordingly, the FAO-56-PenmanMonteith, Hargreaves-Samani, Priestley-Taylor and Makkink methods were selected for simulating E a from bare soil. Figure 2 illustrates the relationships between the cumulative values of the E a measured from the lysimeter data and simulated values obtained by FAO-56-Penman-Monteith, HargreavesSamani, Priestley-Taylor and Makkink methods for 2012/13. As shown, the best agreement of data to the 1:1 line was obtained using the FAO-56-Penman-Monteith method (Fig. 2(a) ). Similar graphs were obtained for 2011/12 (not shown). Additionally, it is obvious from Figure 2 (for 2012/13) and Table 1 (for both hydrological years) that the intercept (B) values were around 1 (from 0.95 to 1.19), which shows good correspondence between measured and simulated cumulative values of E a using these four methods.
Simulation of potential recharge and soil moisture
The six empirical models were calibrated using measured data for soil water content and potential recharge on 2011/12 and the calibrated parameters are given in Table 2 . As shown in Table 2 , the calibrated values of FC for the four models studied: STE (0.221), FPE (0.207), QFS (0.207) and EFS (0.215), were very close to the measured value (0.225), which is acceptable considering the simulation purpose. For validation, the six empirical calibrated models were used in simultaneous simulation of daily soil moisture and potential recharge, applying the water balance approach for independent data of 2012/13. In this respect, the calibrated potential recharge models were used to estimate annual potential recharge from simulated soil water content. Furthermore, the dual crop coefficient approach (using the FAO-56-Penman-Monteith, HargreavesSamani, Priestley-Taylor and Makkink methods for estimating potential evapotranspiration) was applied for estimation of E a from bare soil; also the water balance approach was utilized for simulation of soil moisture. Results are given in Table 3 .
According to the results for potential recharge in Table 3 , the STE model showed very poor performance for estimating annual potential recharge, with ΔQ above 55%. The main reason is probably that all the extra water from FC rapidly drains from the soil after precipitation stops, which is not in agreement with reality. In other words, the potential recharge was simulated as zero using the STE model when there was no input from precipitation, and so it could not reproduce a recession in the potential recharge hydrograph. The incapability of this model to estimate potential recharge was reported by Chapman and Malone (2002) . Furthermore, as shown in Table 3 , the FPE and QFS models did not perform acceptably (ΔQ > 10%) in estimating annual potential recharge when applying four selected evaporation methods during the validation period. This is in also agreement with Chapman and Malone (2002) . The unacceptable accuracy in the potential recharge estimates produced using the of STE, FPE and QFS models is due to the linear and quadratic function types of these models: the complex mechanisms underlying the generation of potential recharge could not be expressed by linear or quadratic equations.
Applying the EFS, CFS and PFS models with a nonlinear equation, with order of greater than 2, resulted in more accurate estimation of potential recharge than using the STE, FPE and QFS models (Table 3 ). This is a reasonable conclusion since the governing equation of soil physics (i.e. the Richards equation) for simulation of water content and potential recharge (drainage) throughout a soil profile is highly nonlinear. According to the results given in Table 3 , annual potential recharge was estimated with acceptable accuracy (ΔQ < 10%) utilizing empirical models of EFS, CFS and PFS, and applying the FAO-56-Penman-Monteith and Hargreaves-Samani methods for estimation of E a from bare soil, for the validation period. It should be noted that the FAO-56-Penman-Monteith and Hargreaves-Samani methods presented the best estimation of E a . This result confirms the important role of E a in estimation of potential recharge in the studied foothill region.
Furthermore, as given in Table 3 , using the EFS model in conjunction with the Priestley-Taylor evaporation method produced acceptable estimation of potential recharge (ΔQ < 10%) for the validation year (2012/13). Also, the smallest computed value of ΔQ (17%) was achieved by the EFS model and utilizing the Makkink method for evaporation during the validation period; however, the results are not acceptable. Because of overestimation of the E a from bare soil during the occurrence of potential recharge, the CFS and PFS models, using the Priestley-Taylor and Makkink evaporation methods, as well as the EFS model using the Makkink evaporation method, did not produce acceptable estimation of potential recharge (ΔQ > 10%). However, the EFS model with the three evaporation methods FAO-56-Penman-Monteith, Hargreaves-Samani and Priestley-Taylor showed good performance. It is important to note that the EFS model was able to estimate the FC value with good accuracy.
As revealed by the results, simulation of soil water content was less sensitive than potential recharge estimation. According to Table 3 , soil moisture was simulated with acceptable accuracy (NRMSE < 20%; AI > 0.81%), utilizing the six empirical potential recharge models, four selected evaporation methods, and the water balance approach. As indicated by the NRMSE values, soil moisture was simulated with the lowest accuracy (but acceptable) by applying the STE model and four selected evaporation methods, which was in agreement with the highest values of ΔQ (not acceptable). This is because of the high dependency of potential recharge on soil moisture content in linear form functions. In other words, the potential recharge was not simulated acceptably since soil water content was simulated with poor accuracy. For illustration purposes, the variation of measured and 3.460 C and b (unitless) are the fitted parameters of models, e.g. C FPE for the FPE model, and so on (see Section 2.3).
simulated soil water content using the EFS model and the four evaporation methods (FAO-56-Penman-Monteith, Hargreaves-Samani, Priestley-Taylor and Makkink) is given in Fig. 3 for the validation period. It is clearly seen from Fig. 3 that the simulated soil moisture was similar to the measured ones. Furthermore, as shown in Fig. 3(a) , the best agreement between the shapes of measured and simulated soil moisture was achieved by the FAO-56-Penman-Monteith method for estimation of E a using the EFS empirical model of potential recharge; and the Hargreaves-Samani method with the EFS model produced the second best agreement with the measured soil moisture. Potential recharge in a foothill semi-arid region was estimated using six empirical models with linear, quadratic, exponential, cubic and power mathematical functions of soil moisture. The focus was on estimating annual potential recharge (produced from precipitation) by simple models and readily available data, since it is more important information than daily or monthly values of potential recharge in water resources management. In the study region, E a from bare soil performs an important role in determination of potential recharge since the potential recharge amounts are normally small in comparison with the average annual rainfall or E a . The applicability of eight potential evapotranspiration methods along with dual crop coefficient methodology was evaluated for simulation of E a from bare soil for two consecutive hydrological years (2011/12 and 2012/13) with the occurrence of potential recharge. The results showed good accuracy of the four methods, in order from the best to acceptable performance: FAO-56-Penman-Monteith (NRMSE < 9%), Hargreaves-Samani (NRMSE < 13%), Priestley-Taylor (NRMSE < 15%) and Makkink (NRMSE < 14%). Six conventional empirical models were calibrated by utilizing estimated E a and data from lysimeter measurements of 2011/12. The calibrated models were validated by simultaneous simulation of potential recharge and soil moisture content with estimated E a and independent data of 2012/13. Accordingly, differences among measured and estimated values of potential recharge by six empirical models can be explained by the fact that the models are distinct in terms of mathematical functions. The results showed that the calibrated models with linear and quadratic functions of soil moisture were not capable of producing acceptable values of annual potential recharge (ΔQ > 10%) during the validation period, applying the four selected evaporation methods. However, annual potential recharge was estimated with good accuracy (ΔQ < 10%) utilizing empirical model by nonlinear equations with order of greater than 2 (exponential, cubic and power functions) and the FAO-56-Penman-Monteith, Hargreaves-Samani and PriestleyTaylor methods (for estimation of E a ) during the validation period. The results of soil moisture simulation showed good precision (NRMSE < 20%) for all six empirical potential recharge models, the four selected evaporation methods and the water balance approach. Finally, the FAO-56-Penman-Monteith method and the empirical model with exponential function (EFS) were, respectively, the most appropriate for simulation of actual evaporation from bare soil and annual potential recharge, and are suggested for use in the studied foothill region.
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